
of Stresses
the of Curved Laminated

Abstraet
Curvature-8tresI facUln reflectiDI the effect of formiDI

stresses in producing curved beams of thin vertical-arain
laminatioos of clear wood have been detenniDed for loblol-
ly pine. Strength retention of curved beams decreases with
increasing severity of curvature but not to the degree sug-
gested by the WiJ8OD equation commonly used in design.
Curved beams loaded on the convex face (stresses re-
versed) are stnmger than beams loaded on the concave
face (stresses additive) and curvature-stress facUln ap-
plicable to these two conditi0D8 are recommended. Wood
quality characteristics favoring higher retention of curved-
beam strength are suggested.
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Yale School of Forestry. Yale University, .New Haven.
Ccxm., preseDtly Forest Producta TecbmlOlilt. ~
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Professor of Fonst Producta, Yale School of Forestry,
presently Department Head, Dept. of Forest and Wood
Sciences, Colorado State University, Fort Collins, Colorado.
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operation or tile ScMJthern Forest Experiment Stati«1. U.S.
Forest Service, under Contract 23-00, 041 (Project No.
FS-SO-36O1-2.11). Acknowlediement is made to Dr. Peter
Koch of the Southern Forest Experiment Statim for
guidance in planning the study and for helpful assistance
during the progress of the work.

T AMINATED WOOD has an outstaoding advantage over sawn
I... timber in that it can easily be adapted to the produc-
tion of curved structural forms. Current design practice
(I), however, imposes rather severe restrictions on the
ratio of lamination thickness to radius of curvature
(IIR.) One of these limitations is that IIR shall not
exceed 1/100 for hardwoods and southern pine or 1/12'
for other softwoods. Another is that for the curved
portion of structural members, the allowable unit stress
in bending must be modified by multiplication by .
curvature-stress factor:'

1 - 2000 (II R)'
where I = thickness of individual lamination

R = radius of curvature

These limitations are based on recognition of the fact
that stresses of considerable magnitude are developed in
bending individual laminae in the laminating process
and that these stresses increase as the ratio of lamination
thickness to radius of curvature increases. For certain
species these limitations hi;ve been shown to be unneces-
sarily restrictive with respect to the maximum II R ratio
for thin laminations of dear wood, and the reduction
formula developed by Wilson (9) at the U.S. Forest
Products Laboratory, Madison, Wis., has been shown
to be conservative for the curvature-stress factor at the
higher II R ratios (4, 5).

Work by Kostukevich and Wangaard (5) and others
(6, 7, 8) indicates that the response to pre-stress varies
considerably among different species and also that the
direction of loading, i.,., whether the bending moment
increases or decreases the radius of curvature, has an
effect. The latter effect might be anticipated, as convex
loading (increasing radius) acts to reverse the prestress
in the outermost fibers, whereas concave loading (de-
creasing radius) has an additive effect. The response is

'Ratio of curved-beam ~ to that of a matched
strailht beam that baa not been subjected to pn-st~.

- -~

"I1IJs paper .as received for publication in September 1117.
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also diffezent wen considering different levels of stress
such as dtat measured at proportional limit or maximum
load. 'w

T.w. 1. - THICKNESS AND NUMID Of LAMINAE AND TOTAL
BEAM DE"" C~IISPONDINO TO VARIOUS _/1 IAT10S.

(ALL BEAMS FORMED TO A UNI'ORM I"NII
RADIUS OF 40 IN.)

./1 ratio fer
cunw4 --

I~ Io...i-tt.. No."
th~ (18.) 10...1

Objective5
The primar)' purpose of this study was tu derive'

curvature-stress factors for thin vertical-grain laminations
of clear wood of loblolly pine (Pi"lIr taed4) at various
degrees of curvatur~, and also to determine th~ influenc~
of recognizabl~ qualities of south~rn pine on curvatur~.
str~ss factor. D~nsity, rat~ of growth, stiffness, and oth~r
properties w~re used as indices of wood quality,
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Preparation of Maceria1
This study was concerned with laminating matched

sets of straight and curved beams at II R ratios of 1/180,
1/120, and l/soa and testing them in static bending,
loading one curved beam in each set on the convex face
and another on the concave face. Pour sets of beams (a
set consisting of one straight, one concave., and one
convex.loaded beam) were tested at each II R ratio for
three density classes employing a broad range of stiff-
nesses in each density class.

One hundred and eight defect.free beams were made
up having material of uniform' density and stiffness
throughout their depth. Another 12 beams, also free
from defect, were fabricated widi a density and stiffness
gradient (high density and stiEfnes. in the outer lamina.
tions, low density and stiffness in the interior laminae)
making a total of 120 beams. The beams baving a density
and stiffness gradient were included in the final analysis
since the results show~ no marked difference in
curvature-stress factor.

Table 1 shows the thickness and number of individual
laminations corresponding to die II R ratios used in the

study.
Material for the study consisted of partially seasoned

flat-sawn loblolly pine from Louisiana in the form of ~.
by 6-inm planks 12 feet in length. Care was taken in
selection of material to use only 'dear straight-grained
cuttings. The material contained considerable amounts
of blue stain that apparently developed in transit and
it was impossible to eliminat, this discoloration
from all cuttings, but close ~Ination of the beams
after failure gave no Indication that blue stain had in any
way affected their strength properties.

Following a preliminary separation into three density
classes, the flatsawn planks were ripped oversize into
vertical-grain laminae according to the assigned II R ratio.
Laminae were matched in either the lengthwise or edge.
wise direction and only adjacent pieces were ;used as
matched material. Rough stock for the straight-beam
assemblies was cut to ~~-inch lengths and curved-beam
stock was trimmed to 4~-incb lenBths. All laminae were
2-1/2-inches wide. Following rough cutting all the

- - - 'Ratk>s obtained by varyiJ1f the thickness of lamination at

a constaat bendlns radlul' of 40 inch...
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M~ of Sdff~

Stiffness was used as a means of classifying the lami-
nating stock. One lamination from each match~d set of
three (int~nded for incorporation in straight. concave-
and convex-loaded beams. respectivdy) was tested for
stiffness. A preliminary check showed fair uniformity
throughout a set matched in this way. The measuring
apparatus consisted of a jig with a 4O-inch span across
which die individual lamination was placed. A zero
deflection reading was taken and dlen a b&B of l~ad shot
of known weight was c~nter-ioaded on th~ piece. Mea-
surem~nt of th~ instantaneous deflection und~r a load
W~U withira proportional limit gav~ a reasonabl~ estimate
of modulus of ~Iasticity.

laminating stock was brought to moisture equilibrium
in a humidity<ontroJled room maintained at 12 percent
equilibrium conditions.

Upon attainment of constant weight each lamination
was edged to 2.inch width and planed to O.O~O inch
greater than its final thickness.

MOOULUS OF RUPTURE
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Fabrication of Beams
Immediately before gluing, each lamination was planed

to final thickness. A room-temperature setting phenol-
resorcinol-formaldehyde adhesive (Penacolite G-4422)'
designed specifically for softwood lumber laminating
was used. Manufacturer's recommendations were fol-
lowed in using, the adhesive. Pressure of approximately
1 ~O psi was applied to the 10W'-deosity material whereas
200 psi was used with the higher density assemblies.
Pressure was applied to the straight beam assemblies by
means of a jack-screw press with the aid of a calibrated
torque wrench. Curved-beam pressure was applied with
bar clamps until an equivalent "squeeze-out" of adhesive
was observed. This practice proved to be successful since
no glue-line failures were observed throughout the test-
ing of all beams. The beam assemblies remained under

,

T.w. 3. -INDIPINVINT VARIABLES USED IN REGUSSION
ANALYSIS. (ALL VARIAILIS OPUlENT STtAIOHT"1AM

'RO,mIES).

,I. 10000
IT

SP . 10' ~:
CA

6000

- Rolle of ~ of In4fvld- Ia--.
to ..dJus of CUrvotuN.

- Strain of proportl_1 Unlit (.r of proportl_1 1I1nfI/ m04u1us of dty).

- RIn, width (In.).
- Wort to _ximum I~ (I""'/cu.

In.)/lnodulus of ruptuN.
- M04u1us of ."stIcity.
- Effective specific ...vity.
- FlNr stre.. of proportl_1 IlnIit/m""s

of rwptu...
- DepartuN strain (strain of _ximu. 1..4

ml- ..110 of .odulus of ru, -~
.04.lus of .""'dty).

- Modulus of elastlclty/effectlft speciftc

1fWYity.
- Cross product.
- Cross ,..wct.
- Crots prodllct.
- Cr- ,rodIIct.
- Cross prodIIct.
- Cross product.

RW
!WIt) x 1ot

1.10-'
D
PS/I

-v~ I I ~-' -~- II I _.~

.001 .007 .~ .0 II .01'1

r/R
A",.. I. - Iff.ct ., tll .. -- .. --'~ -~-- (IT, --, CAr - --).

A. MM.I.,. of ruptu...
e. AM""'" of """"""11".
C. OHI8t

SD x 10'

(lID) x 10-1

nearest 10 pounds. In the case of the straight beams. de-
flection measurements were taken to failure.

Immediately following static bending. two cross-sec-
tional samples were removed from each beam near the
point of failure. Moisture content was determined on one
sample and expressed as the average for the entire cross
section. Individual laminations were separated by sawing
the other sample along the glue lines, and specific gravity
determinations based on ovendry weight and ovendry
volume were made on each individua1lamination. Effec-
tive specific gravity was expressed according to the
method outlined by Finnorn and Rapavi (3):

G. 1.

t/l x D
t/l x PS/I
t/l . I X 10-1
t/l x SP x 10-
t/- x SO x 10-
t/l x (W/I) x 1ot

G = c

pressure overnight at room temperature and were then
replaced in the humidity-controlled room maintained
at 12 percent equilibrium moisture content conditions.
All beams were conditioned for 3-4 weeks before testing.

Testing Procedure
Following the conditioning period. the excess glue was

scraped off and the beams trimmed to an appropriate
length for testing over a 28-indt 'pan. All beams were
tested in general conformance to ASTM Standards (2)
for center-loaded beams. Loads were applied by means
of a "Baldwin hydraulic testing machine. Rate of platen
travel was 0.10 inch per minute with deflection measured
at midspan to the nearest 0.001 inch and load to the

where G = effective specific gravity of the beam.

G. = average specific gravity as determined for
each pair of laminae equidistant from the
neutral axis.

J. = moment of inertia of each of the above
pairs of laminae.

I = baa = moment of inertia of beam.
1""2""'Acknowledgement is made to K~pen Co., Inc., PItts.

burgh, Pa. for supplying the adhesive used in this study.
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, 4. - MlAnPL..-GIISSION IGUAnONS ~ mAIGHT LAMlNA1ID IIAMS (psI). 1
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mately the same stiffness and density. The straight beams
in this group averaged 0.~8(0.46-.76) in effective specific
gravity, 6,230 psi (4,030-9,040) in fiber stress at propor-
tional limit, 13,3~0 psi (8,280-18,770) in modulus of
rupture, 9,020 psi (',890-13,260) in offset stress, and
1,840,000 psi (840,000-2,660,000) in modulus of elastici-
ty. Variation within the species was well represented.
The 12 beams assembled with stiffness and density gradi-
ents from outer to inner laminae with higher stiffness
and density in the outer laminae ranged in modulus of
elasticity from approximately 3,000,000 psi in the face
laminae to approximately 1,000,000 in the innermost
laminae. The effective modulus of elasticity for the
straight beams in this group ranged from 2,190,000 psi to
2,320,000 psi.

Table 2 gives the curvature-stress factors calculated for
each curved beam. A check on dte beams with a stiffness
gradient (nos. X.7 to X-16) showed them to be within
the range of values for curvature-stress factor in similarly
loaded beams without such a gradient. This similarity
was the basis for retaining these 12 beams in the analysis
assuming that the observed stiffness gradients had no
effect on curvature-stress factor.

Figures 1 and 2 illustrate the distribution of curvature-
stress factors for individual beams at eadt II R ratio.
Figure 1 shows the distribution for modulus of rupture,

Strength and stiffness (stiffness only in the case of
straight beams) were calculated by standard equations
(S).

A problem was encountered in selecting the propor-
tional Jimit from the Joad-deflection curves particularly
in the case of curved beams. Departure from the modulus
line was typically very gradual, making it difficult to
choose a meaningful proportional limit. Another method
was consequently used to avoid this difficulty, still
measuring a meaningful stress in the neighborhood of
proportional limit. This stress value, designated as
'.offset stress:' was obtained by drawing a Jine parallel
to die straight.line portion of the load.deflection dia-
gram and offset from it by 0.020 inch deflection (equiva-
lent to .03 percent unit strain). The Joad at which this
line intersected the load-deflection curve was called the
offset Joad and "off,5et stress" was calculated using the
standard flexure formula.

Curvature-stress factor was expressed as the ratio of
curved-beam strength to the matched straight-beam
strength after adjusting for differences in effective
specific gravity. In most cases the adjustments were small
indicating that matching in terms of specific gravity was
fairly good.

AU but 12 beams were fabricated wid! all laminae in a
set of straight, concave, and convex beams of approxi-
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will be relerred to aJ the "Psi Method" and the second
as the "Ratio Method." AU computations were carried
out by means ol an IBM 7090-7094 computer employing
a standard program for multiple regression.

Psi Method
Multiple-regression analysis was first used to predict

the strength ol curved and straight beams. Fifteen in-
dependent variables (eight quality variables obtained
from the straight beams, II R. and six cross products
involving II R and certain quality variables as shown in
Table 3) were used in the original predicition of in-
djvidual beam strength. Most of these variables could be
left out ol the prediction equation without losing signifi-
cance. Dropping out those variables that contributed the
least in accounting for strength variation, linal predic-
tion equations were obtained containing only two to
four variables. Tables 4, ~, and 6 include the final equa-
tions for the prediction of the strength of straight.

fiber stress at proportional limit, and offset stress for
concave-loaded beams. The same properties are shown
for convex-loaded beams in Figure 2. The curve of the
Wilson equation is included in each figure as a means of
comparing these data with the currently used reduction
equation.

The data presented in Figures 1 and 2 show that the
effect of increasing II R is not so pronounced as suggested
by the Wilson equation, and that convex-loaded curved
beams retain greater strength than concave-loaded beams
of comparable quality.

Regression Analysis of Results
The data were treated in two separate analyses.

Multiple-regression analysis was first conducted using
psi values for both straight and curved beams to deter-
mine the effects of II R and quality parameters on actual
beam strength. The second analysis was based on
curvature-stress factors from Table 2. The first analysis

Table 5. - MULTIPLE-REGRESSION EQUATIONS fOR CONCAVNOADID CURVED UAMS (PSI).
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concave-, and convex-loaded beams, respectively. The
variables used are indentified in Table 3.

The results obtained from the "Psi method" are shown
graphically in Figures 3 and 4.

,\{oJ./.s of RNP'." (Co",.",./oaJ,Jj

Figure 3,A, derived from Equations 1 and 10 (Tables
4 and 5), involves modulus of elasticity (E) and effective
specific sravity (D) for straisht beams, and II R in ad.
dition to E and D for concave-loaded beams. The lines
were plotted by varyins II R and holdins the other inde-
pendent variables at their mean values. These mean
vaiue:s were 1,911,000 psi for E and 0.60 for D. The
broken line for concave (CA) beams indicates that II R
did not show a sisnificant effect on modulus of rupture
even thoush the equation was hiShly sipificant and
accounted for 83 percent of the total variation in Olrved-
beam strength. Throushout this paper a broken line will
be used to represent a non-sisnificant relationship with
fIR.

Equations 2 and 11 relate both straight- and conc.l.ye.
beam strength to modulus of elasticity. Equations 3 and
12 similarly relate beam strength to density. The de-
pendence of modulus of rupture of both curved and
straight beams on E and D is dearly shown in these
equations. NonsiBnificant trends were shown with II R
even thouBh the equations were hiBhly significant and
accounted for 64 and 80 percent of the total yariation in
curved-beam strength, respectiYely.

/'ib". S"'..JJ at P,opo,'ion.J Umil (Con'a1I..-lo4a'..J)
Fipre 3,B represents Equations ~ and 13 (Tables 4

and ') and shows a nonsiBDificant trend with II R in
the curve for concave beams. In plottinB these curves,
E, D, and strain at proportiona1limit (SP) were held at
their mean yalues. The mean yalue for SP was 0.00338.
The broken line is essentially horizontal and indicates no
effect of II R on the strenBth of concaYe beams at this
level of stress.

Equations 5 and 14 show the effect of E and Equations
6 and 15 show the effect of density on proportional limit

, - MULTlPU-llGaSSION EQUATIONS FOI CONVEX-tOADID CUlvm IIAMS (PSI).
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T.We 7. - CORRELATIONS BETWEEN INDEPENDENT VAtIAILES USED FOR ESTIMATING

CURVATURE-sTRESS FACTORS FOR CURVED IIAMS}

t/l
5'x1~
I.W.
W/1.10'
Ix10-'
D
F5/1
5Dx1~
I/Dx10-'

'To M significant at the 1 and 5% probability levels, conelatiOft eMMa-.. must M g..a..r than 0.418 and 0.325, respectively.

strength. The strength of both straight and curved beams
was positively influenced by E and D.

°ffl,15I'411 (Con.av,./oaJ,Jj
Figure 3.C represents Equations 7 and 16 (Tables 4

and 5) with all variables except II R held at their means.
Equation 16 indicates that II R had a significant effect on
the strength of curved beams after the variation due to
the other three variables was taken out. However. II R

was not significant when used only with E (Equation 17)
or with D (Equation 18).

Modll/lls of RIIplllre (Conflex-/o4ti"dj

Figure 4,A illustrates Equations 1 and 19 when E and
D are held at their mean values and II R is varied. No
significant effect of II R was found at the level of
modulus of rupture for convex beams, but the interesting
thing about this graph is that the convex beams at
modulus of rupture were stronger than the straight
beams over the entire range of IIR.

Again the positive effects of E and D on the strength
of. both straight and curved beams are dear from Equa-
tions 2 and 20 and 3 and 21, respectively.

Fib,., Slress at Pro porlionaJ Limil (Confl"x-/o4ti"" j

Figure 4,B, derived from Equations 4 and 22 (with E
and D held at their mean values), illustrates a significant
trend with II R for convex beams at this level of stress.
The curve for convex beams lies below the line for
straight beams showing that FSPL is more sensitive than
modulus of rupture to increasing pre-stress as indicated
by increasing II R.

Equations 5 and 23 illustrate the positive effect of
modulus of elasticity on strength of straight and convex
beams at this level of stress. Equations 6 and 24 show a
similar positive effect of density.

Offsel SIr6SS (Conflex-/o4ti"d j
Equations 7 and 25 are shown graphically in Figure

4,C based on mean values for E and D. The solid line
(CX) indicates a significant trend of decreasing curved-
beam strength with increasing II R.

Positive effects on straight and curved beam strength
are shown by E and D in Equations 8 and 26 and in
Equations 9 and 27, respectively. High E and D favor
high strength beams, both straight and curved.

Prediclion of CllNlea' and Slraighl B,am Slrenglh
The final multiple-regression equations appearing in

Tables 4, 5, and 6 were highly significant and, with the
exception of Equation 22, accounted for more than 75
percent of the total variation in the strength properties
of straight and curved beams. The high degree of ac-
countability of E and D for straight-beam properties
(82-90 percent) and the low standard error of residuals
are of interest from the standpoint of non-destructiv~

testing.
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For each level of stress, equations for straight beams
are shown in Table 4 based on modulus of elasticity alone
and on density alone. Equations for curved beams
(Tables .5 and 6), involving II R together with modulus
of elasticity and II R together with density, are also
shown for each level of stress. Combined with II R, den-
sity is the better predictor for curved-beam strength at
every level of stress. The higher R' values indicate that
more variation was accounted for by density than by
modulus of elasticity. The opposite was true in the case
of straight beams. Modulus of elasticity in simple re-
gressions accounted for more variation in straight-beam
strength than did density.

Ratio Method

In the ratio method the data were analyzed directly as
ratios of curved-to straight-beam strength (curvature-
stress factors) instead of as strength values. The 15 vari-
ables shown in Table 3 were also used in this analysis
and, as in the psi method, variables that contributed the
least in accounting for variation were dropped from
the final multiple-regression equations. Some of the
.'independent" variables used to predict curvature.stress
factor were correlated with one another as shown in
Table 7. When such correlations enst, it is not possible
to isolate the independent influence of an individual
variable by holding the other variables in the equation
constant. What can be shown by this procedure is the
.'added" effect of anyone variable after the effect of the
other variables in the equation has been considered.

The more meaningful results of the analysis by the
ratio method are shown in Tables 8 and 9 and in Figures
5-6. The tables include the constants and coefficients for
the final prediction equations for concave- and convex-
loaded beams. The level of significance and the standard
error of the residual are shown for each equation. The.
significance of the contribution of individual variables in
combination with other specified variables is shown by
the conventional "t" test, which evaluates the variable
considered as the final term in the regression equation;
i.e., after the variation due to the other variables has
been taken out.

From Tables 8 and 9 several variables were significant
by the "t".test. In the following discussion the added
effect of variables shown to be significant is considered
when the other variables are held at their mean values.

MoJ.J.s of RIIptlire (ConC"ave-JoaJea')
Equation 28 in Table 8 is shown graphically in Figure

5,A. Each variable except I I R was held at its mean and
II R was allowed to vary. The mean for each independent
variable is shown in Table 8. The broken line indicates
that the effect of II R was not significant. (See also Fig.
3,A.) Although the overall regression was significant at
the 5 percent level, it accounted for only 31.4 percent
of the total variation in curvature-stress factor. The
quality of the prediction is, however, indicated by the
low value of 0.066 for the standard error of residual. The
predicted curvature-stress factor for modulus of rupture
of convex-loaded beams is within %0.066 of the actual
value in two beams out of three. The Wilson equation is
also shown in Figure 5,.A to permit comparing the

T.~ I. - MULTIPLE REGRESSION EQUATIONS FOR CURVATURE.STRESS FACTOR FOR CONCAVE lEAMS.'
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To~ 9. - MULTIPLE-REGRESSION EQUATIONS FOR CURVATURE.STlESS FACTOR FOR CONVEX IEAMS'
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regression line fitted to the data from this study to the
curve currently used in design. The Wilson formula lies
well below the regression at the higher t I R ratios.

The negative influences (_)4 of departure strain (SD)
and of EI D on curvature-stress factor were significant
as shown in Equation 28.

Fib,., Slress at Proportional Limil (Con(a1Ie.loaJeJ)

Figure 5,B, derived from Equation 29 with II R varied
and all other variables at their means, shows a nonsignifi-
cant effect of II R at proportional limit. (See also Fig.
3,B.) The overall regression equation was also non-
significant. Although only a stoall part of the variation
was accounted for, the standard error of residual was
only 0.074. Two-thirds of the time, the prediction given
by this equation is within :!:0.074 of the actual curvature-
stress factor. Curvature-stress factor at the level of pro.
portionallimit is overestimated by the Wilson equation
except at the mpst severe curvature.

OffJ" SI"JJ (Cont"41II./o4a'Idj

Offset stress is a level of stress somewhat higher than
fiber stress at proportional limit. This level of stress is
proposed as a substitute for proportional limit stress in
curved beams since, as previously mentioned, the actual

proportional limit is very difficult to define due to the
gradual departure of deflection from linearity with in-
creasing load. This level of stress should be given
more weight than fiber stress at proportional limit in
evaluating the effect of curvature on strength retention
in curved beams.

Equation 30 was used to plot Figure 5,C holding each
variable at its mean and varying II R. The significant re-
gression line (See also Fig. 3,C) lies below the Wilson
equation at milder curvatures but crosses over and lies
slightly above it at the most severe curvature, indicating
the slope of the Wilson equation to be too steep. The
overall regression is significant at the 1 percent level and
each independent variable is significant by the "t".test.
Variation accounted for by the regression was 40.4 per-
cent of the total and the standard error of residual was
0.071.

Equation 30 also shows the influence of other signifi-
cant variables. Curvature-stress factor decreases with
increasing strain at proportional limit (SP) whereas
increasing departure strain (SD) and FS I R result in an
increase in curvature.stress factor at this level of stress. A
low EI D ratio is also favorable in terms of curvature-
stress factor.

It should be noted from Table 7 that SP is itself cor-
related with FS I R (+) and EI D (-) and consequently
that the "added" effects indicated by the signs of the
coefficients in Equation 30 are applicable only to this
cnmbination nf variables.

-- -
'Positive and negative slopes of the regression lines an In-
dicated by (+) and (-), respectively.
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method," predictions of curvature-stress factor were
obtained directly. A comparison of the average residual
between actual and predicted curvature-stress factors for
all curved beams by the two methods showed the "Ratio
method" to be superior in pr~dicting the strength reten-
tion of individual beams. Th~ "Psi methud" was never-
theless successful in that it gave very good estimations of
the strength of curved and straight beams that were in-
fluenced predominantly by E and D as shown in the

analysis.
Significant effects of 1/ R on curvature-stress factor

were shown for concave-loaded beams at the level of off.
set stress and for convex-loaded beams at fiber stress at
proportional limit and offset stress. At the level of
modulus of rupture strength retention of curved beams
appears to be less sensitive to 1/ R than at the level of
proportional limit.

Expressed as modulus of rupture, the results of this
study indicate that, over.. range in IIR from 1/180 to
1/80, curved laminated beams of lobolly pine loaded on
the concave surface are on the average 92 percent as

MODULUS Of' RUPTURE:
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iWOdlllliS of RIIptNre (Convex-loaded)
Equation 31 is illustrated in Figure 6,A with tl R

varied and other variables held at their means. Mean
values of the independent variables are shown in Table
9. The overall regression was highly significant but tl R
failed to show a significant trend. (See also Fig. 4,A.) It
is obvious from the graph that the Wilson equation is
much too conservative for convex beams at modulus of
rupture over the entire range of tl R. The standard error
of residual (Table 9) is 0.07' and the regression ac-
counted for 48.3 percent of the total variation.

This equation also shows the influence of EI D (-)
lnd work to maximum loadl modulus of rupture (.-)
on curvature-stress factor at the level of modulus of
rupture. Both of these variables were significant.
Fiber Stress Ilt Proportional Limit (Convex-loaded)

Figure 6,B is based on Equation 32 and shows a sig-
nificant effect (-) of tl R. (See also Fig. 4,B.) This equa-
tion predicts curvature-stress factors for convex.beams at
fiber stress at proportional limit with a standard error
of ~0.09'. The regression accounted for ,6 percent of
the total variation. The Wilson equation lies well below
the regression line for this level of stress throughout the
entire II R range.

Equation 32 shows that more elastic material with a
low ratio of W'I R is favorable for strength retention and
also indicates increasing strength retention with increas-
ing ring width (RW'.)

OffsI't SlreJ"s (Convex-loaded)
Figure 6,c, derived from Equation 33, shows the

Wilson equation curve to lie well below and to have a
greater slope than the regression line for convex beams
at this level of stress throughout the range of II R. The
regression was highly significant and accounted for '3
percent of the total variation. (See also Fig. 4,C.) .The
quality of the prediction equation is shown by the stand.
ard error of residual of 0.082. All variables in Equation
33 were significant by the "t".test and the coefficients in
this equation show the effects on strength retention of
modulus of elasticity (-), density (+), and ring width
( +) in this particular combination of variables. Eq~-
tions, such as Equation 33, containing correlated variables
have been treated as though none of the variables were
correlated. When the "t".test indicated variables to be
~ignificant, even after the variation had been taken out
for some correlated variable, it seemed reasonable to
~how this effect.

Summary and Conclusions
The results of this study furnish prediction equations

for the strength of straight and curved beams, made
from clear, thin, vertical.grain laminations of loblolly
pine in terms of actual strength values. Equations are
also given for predicting curvature-stress factors; i.e..
strength retention of curved beams as compared to
matched straight beams, for concave- and convex-loaded
beams.

Curvature-stress factors for individual beams were ob-
tained by two methods. From the equations for predicted
strengths (Psi method), curvature-stress factor was cal-
culated from the ratio of predicted curved-beam strength
to predicted straight-beam strength. In the "Ratio
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(1.86 at these two ratios. The Wilson equati..jr; prt:dil.ts
values of 0.94 at 1/ R = 1/180 and 0.69 at 1/ R = 1/80.

Based on the trends with 1/ R shown by the regression
lines in Figures 5 and 6 and averaging curvature-stress
factors at the levels of modulus of rupture an,j ofCst:t
stress, the following curvature factors are suggestfd as
~ultable for thin vertical-grain laminations of clear wood
(,f loblolly pine in lieu of the Wii~on equation values
currently used in design;
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The following wood quality variables. measured from
thf" straight beams. have been shown in this study to have
significant effe.<:ts upon curvature-stress facto;' for
concave-loaded be~s: at modulus of rupture--SD (-)
and EID (-); at offset stress--SP (-), SD (+). FSIR
(+), and EID (-).

Significant effects upon curvature-stress factor for
convex-loaded beams were found in tht-c following: at
nlodulus of rupture--EI D (-).. and WI R (-); at fiber
stress .It proportionallimit-WIR (-) and RW (+); at
offset stress-E (-). D (+), and RW (+).

The significanc~ of the foregoing variables lies in
their effects in c.ombtnati(", with other variables as
shown in Tables 8 and 9. By selecting a favurable com-
bination of the.5e variables. wood qualities characterized
by better than average retention of cur\('d-beam strength
car be identified.

FitVre 6. - ERect of tlR - strength retention of
co"vex-l_de4 curved beams.
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